The effects of electrical stimulation of the carotid sinus on sinus rate and atrioventricular (A-V) conduction were studied before and after alternate interruption of the vagi and sympathetic nerves to the heart in dogs. In group I, carotid sinus stimulation caused a similar absolute decrease in sinus rate before and after vagotomy, although after vagotomy the response was more latent.
Subsequent administration of propranolol blocked the effects of carotid sinus stimulation on sinus rate. In group II (dogs with intact vagi), the effects of carotid sinus stimulation and bilateral occlusion of the common carotid artery on sinus rate were abolished by bilateral stellatectomy and upper thoracic ganglionectomy. In group III, the effects of carotid sinus stimulation on A-V conduction during atrial pacing at a fixed rate were not significantly altered by vagotomy and were blocked by subsequent administration of propranolol. In group IV, carotid sinus stimulation had no eEect on A-V conduction after sympathetic denervation. It is concluded that the effects of the carotid sinus reflex on the heart are mediated primarily by the sympathetic nervous system efferents. In addition, evidence suggesting that sympathetic tone is a major determinant of vagal tone has been presented.
ADDITIONAL KEY WORDS sinus rate carotid sinus stimulation sympathetic denervation carotid artery occlusion vagotomy A-V conduction • Much of our current understanding of the carotid sinus reflex can be attributed to the classic experiments of Hering (1, 2) and Heymans (3) . Because of their work it has been stressed that baroreceptor stimulation reflexly slows heart rate predominantly by increasing vagal discharge with inhibition of sympathetic tone playing a minor role (4, 5) . However, recent evidence indicates that carotid sinus stimulation significantly alters ventricular function by reflexly inhibiting sympathetic tone (6, 7) .
The purpose of this study was to explore and possibly redefine the relative roles of the parasympathetic and sympathetic nervous systems in the efferent arc of the carotid sinus reflex to the heart. The effects of carotid sinus stimulation on sinus rate and atrioventricular (A-V) conduction were recorded before and after alternate interruption of each division of the autonomic nervous system.
Methods
Adult mongrel dogs (12 to 20 kg) were anesthetized with alpha chloralose, 100-120 mg/kg iv. During each experiment additional doses of 16 mg/kg were given to maintain a stable anesthesia. After tracheotomy, ventilation was controlled by a positive pressure respirator, arterial blood Po 2 and Pco 2 , when measured, were in the normal range. Aortic blood pressure was measured continuously via a catheter inserted into a femoral artery and attached to a Statham Circulation Research, Vol. XXIV, March 1969 transducer. Lead II of the standard electrocardiogram was recorded to indicate changes in heart rate. All records were made using an Electronics for Medicine oscillographic recorder.
By incising the area mesial to the mandibular angle, the bifurcation of either or both common carotid arteries was exposed for dissection. A specially constructed silver electrode was securely sutured on either side of the carotid sinus. A model S-4 Grass stimulator and isolation unit was used to deliver stimuli (25 Hz, 4msec duration, 8 to 15 v) through the electrodes. The characteristics of the stimuli were chosen to produce maximal decrease of heart rate and a consistent depression of blood pressure (8) .
In the experiments in which vagotomy was performed, both left and right vagosympathetic trunks were dissected, ligated, and divided. When vagal stimulation was performed, the same stimulation that was applied to the carotid sinus was delivered to the distal end of the sectioned vagus nerve or nerves. Acute sympathetic denervation of the heart was accomplished through right and left lateral thoracotomies at the third intercostal space. The stellate ganglia and the upper thoracic ganglia through T5 were extirpated bilaterally, and the area of the upper thoracic chains was packed with gauze moistened in 40% formaldehyde. The functional completeness of sympathetic denervation was tested by comparing the effect of bilateral occlusion of the common carotid arteries on heart rate before and after the surgical procedure. Sympathetic denervation was considered complete when carotid arterial occlusion had no effect on heart rate ( ± 3 beats/min). In two dogs, the denervation procedure was considered unsuccessful because carotid arterial occlusion 
Effects of carotid sinus stimulation (CSS) on sinus rate and blood pressure in the baseline state (top panel) and after stellatectomy and thoracic ganglionectomy (bottom panel). Arrow indicates onset of stimulation.
In the bottom panel, after sympathetic denervation blood pressure began to fall 1 to 2 seconds after the start of stimulation but there was no change in heart rate. caused large increases in heart rate even after bilateral vagotomy.
Results
In all dogs, carotid sinus stimulation initially decreased heart rate and blood pressure. Heart rate slowed markedly for the first three to four beats after the start of stimulation and then increased but stabilized at a lower rate than the control rate for as long as stimulation was applied (usually 1 minute). Often there was accentuation of a sinus arrhythmia during carotid sinus stimulation ( Fig. 1 ). Blood pressure did not stabilize until 12 to 20 seconds after stimulation started. There was no correlation between the percent change in blood pressure and the percent change in heart rate.
GROUP I
In seven dogs, after control measurements of heart rate and blood pressure, the effects of carotid sinus stimulation for 1 minute were recorded at least three times and the average changes calculated ( caused a fall in heart rate of 21 beats/min. This decrease in heart rate was not significantly different from that in the baseline state (P> 0.5). Subsequent administration of propranolol, 0.2 to 0.4 mg/kg iv (sufficient to block the effects of isoproterenol, 0.15 mg/kg), caused a decrease in the average sinus rate to 140/min. The effects of carotid sinus stimulation were measured 5, 10, and 20 minutes later; the effects on sinus rate were completely blocked. A representative experiment is presented in Figure 2 . The greater latency in the effect of carotid sinus stimulation on sinus rate and blood pressure after vagotomy was noted in all dogs.
GROUP II
In this group of eight dogs, the average sinus rate in the baseline state was 130/ min and carotid sinus stimulation caused a decrease of 22 beats/min ( Table 2 ; Fig. 3 ). Carotid arterial occlusion caused an average increase in sinus rate of 34 beats/min. Stellatectomy and thoracic ganglionectomy were then performed. The average control sinus rate fell to 97/min, and carotid arterial occlusion had no effect on sinus rate ( + 3 beats/min). Carotid sinus stimulation 30 to 45 minutes later caused a fall in sinus rate of 2 beats/min. This decrease in sinus rate was significantly different from 
Effects of carotid sinus stimulation on sinus rate and blood pressure in baseline state (top panel), after bilateral cervical vagotomij (middle panel) and after propranolol, 0.4 mg/kg iv (bottom panel). Arrow indicates start of carotid sinus stimulation (CSS).
In the baseline state, sinus rate was 84 beats/min and during 1 minute of stimulation it was 68/min. After vagotomy, sinus rate was 204 beats/min and during stimulation it was 186/rain. After propranolol, sinus rate was 156 beats/min and during stimulation it did not change. Note that after vagotomy there was a latent period of 10 seconds before the onset of the effects of stimulation on both heart rate and blood pressure, whereas in the baseline state, blood pressure and heart rate decreased within 1 to 2 seconds of the start of stimulation. 
±1.9
Abbreviations as in Table 1 . that seen in the baseline state (P > 0.05). Subsequent vagotomy in these animals caused only a minor increase in heart rate of 3 beats/min. In contrast, the average increase in heart rate caused by vagotomy in dogs in group I with intact sympathetic innervation was 76 beats/min. After noting this result in the first seven experiments in group II, animals 8, 9, and 10 were anesthetized with morphine (1.5 mg/kg im) in addition to the alpha-chloralose in order to increase vagal tone. These three animals had lower control heart rates than the other animals in group II ( Table 2) , but again vagotomy after stellatectomy and thoracic ganglionectomy caused a minor change in sinus rate. In all ten dogs, electrical stimulation of the distal ends of the cut vagi caused either marked slowing of the sinus rate or asystole.
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GROUP III
In five dogs, A-V conduction was measured by a special multipolar catheter inserted through the femoral vein and positioned under fluoroscopic control at the A-V ring. One bipolar site recorded His bundle activity and another, more proximal, bipolar site was used for atrial pacing. The details for recording His bundle activity in the intact animal have been described elsewhere (9) . Atrial pacing at rates of 150 or 200/min was accomplished with a Medtronic battery-powered pacemaker. The interval between the pacing spike to His bundle electrogram (P-BH) was used as a measure of A-V conduction.
The effects of carotid sinus stimulation on A-V conduction during atrial pacing at a fixed rate are summarized in Table 3 . All recordings were made after 20 seconds of Figure 3 .
Effects of Carotid Sinus Stimulation on A-V Conduction in Dogs in Group III
Effects of carotid sinus stimulation on A-V conduction in the baseline state, after sympathetic denervation and after bilateral cervical vagotomy. The upper tracing in each panel is a lead II ECG and the lower tracing is an intracardiac electrogram. Arrows point to bundle of His electrogram. In the baseline state, stimulation prolonged the P-BH interval by IS msec. After sympathetic denervation, stimulation prolonged the P-BH interval by 3 msec and after vagotomy by 1 msec. Heart rate was maintained at 200 beats/min. All recordings were made after 20 seconds of stimulation. Abbreviations as in
carotid sinus stimulation. The P-BH interval was prolonged by stimulation in the baseline state (P<0.02). Vagotomy shortened the P-BH interval and carotid sinus stimulation again prolonged it (P < 0.01). The effects of carotid sinus stimulation on A-V conduction were not significantly altered by vagotomy (P > 0.05). After propranolol prolonged the P-BH interval, carotid sinus stimulation had no effect. An illustrative experiment is presented in Figure 3 .
GROUP IV
In four thoracotomized animals, His bundle electrograms were recorded by two fine Abbreviations as in Table 3 . *Stellatectomy and upper thoracic ganglionectomy. fVagotomy was performed after sympathectomy.
Effects of Carotid Sinus Stimulation on A-V Conduction in Animals in Group IV
Teflon-coated stainless steel wires inserted through the anterior right atrial wall into the region of the His bundle (10). The P-BH interval was used as a measure of A-V conduction. Other wires placed in the atrial appendage allowed for pacing the hearts at rates of 150 or 200/min. Measurements of A-V conduction were made in the baseline state before and during carotid sinus stimulation.
Results of these experiments are summarized in Table 4 . The P-BH interval was prolonged by carotid sinus stimulation in the baseline state (P<0.05). After sympathetic denervation, carotid sinus stimulation had little or no effect on the P-BH interval. Thus sympathetic denervation significantly altered the effect of carotid sinus stimulation on A-V conduction (P < 0.001). Subsequent vagotomy did not alter the duration of the P-BH interval. An illustrative experiment is presented in Figure 4 . The results of the experiments on A-V conduction paralleled those on sinus rate.
Discussion
Our finding that interruption of the cardiac sympathetic innervation can abolish the effects of carotid sinus stimulation on sinus rate is at variance with earlier studies (11, 12) . This discrepancy may be due to the varying procedures used to denervate the cardiac sympathetics. Recently, Peiss et al. (13) have elegantly demonstrated the dif-
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ficulties inherent in cardiac denervation procedures. They found that bilateral stellatectomy and thoracic ganglionectomy can effectively interrupt the sympathetic innervation of the heart, but not invariably. The importance of physiologically testing the completeness of a cardiac sympathetic denervation procedure was emphasized, and the usefulness of carotid arterial occlusion as a testing procedure was demonstrated.
It has been shown repeatedly that vagotomy and atropine alter the effect of carotid sinus stimulation on the sinus rate (11, 12) . Wang and Borison (11) noted that after vagotomy the slowing of heart rate during the first 15 seconds of carotid sinus stimulation was greatly impaired, whereas the slowing over the next 30 seconds was less significantly so. Similarly, we noted a greater latency in the response of the sinus rate to carotid sinus stimulation after vagotomy (Fig. 2) , although the absolute fall in heart rate over a 1-minute period of stimulation was not significantly different. Wang and Borison concluded that the vagi have an important role in the initial slowing of heart rate induced by carotid sinus stimulation and that sympathetic inhibition is important in the prolonged effects of carotid sinus stimulation. An alternative explanation for our findings is that vagotomy increased the automaticity of the sinus pacemaker cells (sinus rate increased an average of 76 beats/min in group I dogs after vagotomy), and accordingly they were less sensitive to changes in sympathetic tone. A similar explanation can be made for experiments involving the use of atropine. Furthermore, atropine can block transmission at some synapses, including synapses in specialized cardiac sympathetic pathways (14) . In addition it should be emphasized that when the vagi are sectioned, activity of the sympathetic medullary center increases because it has been released from the tonic inhibition of the aortic baroreceptors. In this new state, carotid sinus stimulation of the same magnitude as that used before vagotomy may not cause the same degree of inhibition of sympathetic tone. This possibility is suggested by our finding that there is a greater latency in the blood pressure response (which is due solely to changes in sympathetic tone) to carotid sinus stimulation after vagotomy (Fig. 2) .
Winder (15) demonstrated that the relation between carotid sinus pressure and heart rate was sigmoid in vagotomized dogs. Earlier, Bronk and Stella (16) had shown that the relation between carotid sinus pressure and the afferent impulses recorded from the sinus nerve is sigmoid. Thus in vagotomized dogs the response in the efferent arc of the reflex is qualitatively similar to that in the afferent arc. Bronk demonstrated that the heart is under the influence of tonic sympathetic discharges (17) . Furthermore, he showed that sudden distention of the carotid sinuses inhibited the tonic discharge of impulses in one of the cardioaccelerator nerves. Recently, Manning and Lindgren (18) demonstrated that the effect of carotid sinus stimulation on sinus rate in vagotomized dogs could be abolished by stellate ganglionectomy or dichloroisoproterenol. Similarly, we found that propranolol can block the effect of carotid sinus stimulation on sinus rate in vagotomized dogs. However, the most important finding in this study is that stellatectomy and upper thoracic ganglionectomy can block the effect of carotid sinus stimulation on sinus rate in dogs with intact vagi. This finding together with the earlier observations of Peiss et al. (13) that the effects of carotid arterial occlusion on heart rate can be blocked by cardiac sympathectomy suggests that the effects of the carotid sinus reflex on the heart are mediated by the sympathetic nervous system.
We conclude that the carotid baroreceptors control heart rate mainly by tonically inhibiting the sympathetic medullary center and that increase in vagal tone is less important. This conclusion is at variance with the traditional concept that cardiac vagal tone is reflexly set by the tonic activity of the baroreceptors (19) . The traditional concept is based on the finding that heart rate rises when the sinus and aortic nerves are cut and the vagal trunks are left intact (4) . Subsequent sectioning of the vagi has little or no effect on heart rate. However the increase in heart rate which occurs when the sinoaortic nerves are cut can be explained by an increase in sympathetic tone as a result of the release of the sympathetic medullary center from tonic inhibition and not due to the decrease in vagal tone. If the role of the carotid sinuses is to reflexly set vagal tone one would expect occlusion of the common carotid arteries to increase heart rate after cardiac sympathetic denervation. However, our experiments and those of Peiss et al. (13) clearly show that the effects of carotid arterial occlusion on heart rate can be completely abolished by sympathetic denervation, although vagal innervation is intact.
That vagotomy had no effect on heart rate in dogs in group II was an unexpected finding. It suggests that following stellatectomy and thoracic ganglionectomy, vagal tone is absent or markedly diminished. This suggests that sympathetic tone is a major determinant of vagal tone. This view is consonant with the concept first proposed by Rosenblueth and Freeman (20) that changes in heart rate are brought about by reciprocal variations in tone in both divisions of the autonomic nervous system.
